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ABSTRACT
Amphibians are declining at alarming rates globally. Multiple factors
contribute to these declines, including chemical contaminants and emergent
diseases. In recent years, agrochemical use, especially fungicide applications,
has increased considerably. Previous studies have demonstrated that these
agrochemicals leave application sites and enter wetlands via runoff and have
detrimental effects on non-target organisms. For example, exposure to
contaminants can have multifarious effects on amphibians, such as reducing
their ability to deal with a secondary stressor, such as disease.
A pathogen that is found concomitant with chemical contaminants in
aquatic systems is Batrachochytrium dendrobatidis (Bd). Bd has decimated
amphibian populations worldwide. Susceptibility to this pathogen varies across
amphibian life stages, and is greater in adults than larvae. Consequently, it is
important to examine the effects of simultaneous and serial Bd and agrochemical
exposure throughout amphibian development.
I assessed the combined effects of 3 different fungicides and Bd on two
amphibian species: Cuban tree frogs (Osteopilus septentrionalis) and grey tree
frogs (Hyla versicolor), both simultaneously and across life stages. To elucidate
the complexities of these interactions, I conducted two experiments, one in the
laboratory and another in outdoor mesocosms. Frogs were exposed to most of
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the possible combinations of fungicides and Bd as tadpoles and metamorphs.
The presence of fungicides during the tadpole stage caused no difference
in timing to metamorphosis and therefore no extension of time animals were
exposed to the pathogen. Fungicides did not reduce fungal growth; in fact,
tadpoles exposed simultaneously to a fungicide and Bd, regardless of the
specific fungicide, had increased fungal loads compared to acetone controls.
Additionally, animals exposed to both stressors simultaneously had higher
mortality compared to controls or any of the stressors singly. Lastly, the fungicide
had persistent effects on amphibian health by affecting susceptibility to Bd later
in ontogeny. Frogs exposed to any of the three fungicides as a tadpole had
higher Bd prevalence, Bd abundance, and Bd-induced mortality when challenged
with Bd after metamorphosis, an average of 71 days after their last fungicide
exposure.
In conclusion, I found no benefits of fungicides for amphibians. In fact,
results indicate both immediate and delayed negative effects of exposure to
fungicides and Bd. These findings highlight the importance of studying multiple
potential contributors to amphibian declines, simultaneously and sequentially, to
understand net effects of stressors on amphibian performance.
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INTRODUCTION

Common Stressors to Aquatic Systems
Amphibian populations have experienced declines worldwide (Wake and
Vredenburg 2008, Hayes et al. 2006) with approximately 40% of their populations
considered threatened (Stuart et al. 2004). There are many likely causes of these
declines, including habitat loss, climate change, emergent diseases, and
chemical contaminants (Berger et al. 1998, Alford and Richards 1999, Relyea
and Mills 2001). Many of these stressors might interact synergistically. For
example, many contaminants are immunotoxic and thus might have synergistic
effects on amphibian disease risk that could result in more detrimental effects on
amphibian performance than would be predicted from each stressor in isolation.
Nevertheless, the relationship between chemical contaminants and disease
remains poorly studied despite important implications for managing amphibian
declines.
A substantial amount of research has been conducted on the effect of
insecticides and herbicides on aquatic communities (e.g., Fairchild et al. 1994,
Relyea 2005, Rohr & Crumrine 2005, Van Wijngaarden et al 2005). However, the
direct and indirect effects of fungicides on aquatic systems are poorly known (but
see McMahon et al. 2011 & 2012). A review of the indirect effects of pesticides
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on aquatic food webs found that only 2 of the 150 papers published from 19702002 included a fungicide (Fleeger et al. 2003).
Although fungicides are not studied as frequently in toxicology as
herbicides and insecticides, they are applied at a greater rate than insecticides
and have seen a greater increase in use in the last two decades than herbicides
and insecticides. For example, in the United States from 2004-2005, only 2% of
all corn, soybean, and wheat fields were sprayed with fungicides. This increased
to nearly 30% by 2009 (Belden et al. 2010) associated with appearance of
soybean rust (Phakopsora paychyrhizi) in the United States in 2004 (Schneider
et al. 2005). Although it is currently limited to a small geographic area, the cost to
the US soybean industry from soybean rust is estimated potentially to reach
billions of dollars if the disease spread cross-country (Daberkow 2004). In
response to this potential epidemic, the EPA granted emergency exemption to
several fungicides for use on soybeans (Ochoa-Acuna et al. 2009). Additionally,
in the last decade, an average of two new fungicides were registered for use
annually (Orrick et al. 2011); in 2011 alone, the Environmental Protection Agency
(EPA) reviewed 14 fungicides currently on the market to be registered for a
combined 49 new uses, all of which are in still in use today (Orrick et al. 2011).
These emergency measures have apparently kept the spread of soybean
rust in check (Napis 2013), but the increased use of fungicides could have
unanticipated effects on environmental quality. Pesticides can cause mortality to
non-target organisms, especially aquatic species (Grabusky et al. 2004,
Roessink et al. 2006). Modeling and monitoring demonstrate that runoff might
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cause fungicides to accumulate in freshwater habitats (Shuman et al. 2000) at
levels above those considered safe for chronic exposure to some aquatic
organisms (Deb et al. 2009). Moreover, unlike many herbicides and insecticides,
which are targeted for particular taxa, fungicides are often very broad spectrum,
affecting common and vital physiological processes such as cellular respiration.

Focal Fungicides
I studied three fungicides, azoxystrobin, chlorothalonil, and mancozeb, in
this thesis. All three are relevant to aquatic communities because they are some
of the most abundant fungicides in use. All are ranked among the top five in the
United States based on usage (Orrick et al. 2011). Chlorothalonil is also the
fungicide most used in South America, a place where impacts of the amphibian
chytrid fungus, Batrachochytrium dendrobatidis, has been severe. However,
despite their ubiquitous use, few studies have examined the effects of these
fungicides on non-target organisms (see: McMahon et al. 2011, McMahon et al.
2012, Howard et al. 2003).
Chlorothalonil is used on a wide variety of crop species, as well as
residential and golf course turf (Orrick 2011). It has a relatively short half-life of 1
to 48 hours according to the Pesticide Properties Database (PPDB 1), but its
breakdown products are also toxic and have much longer half-lives than the
parent compound. Its mode of action is to disrupt cellular respiration, which is a
vital physiological process for many organisms from bacteria to animals.
Chlorothalonil is an organochlorine fungicide and is the only organochlorine
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remaining on the market in the U.S. after other chemicals in the same class, such
as DDT, were banned because of detrimental environmental effects. The peak
estimated environmental concentration (EEC) of chlorothalonil based on row crop
application is ~177 ppb.
Azoystrobin is a broad-spectrum strobilurin fungicide sprayed on grains
such as cereals. Many chemicals in the strobilurin class increased in use heavily
in direct to soybean rust. Like chlorothalonil, it is also a respiration inhibitor
(PPDB 2) that targets the mitochondrial respiratory complex III (cytochrome C).
Cytochrome C is an integral membrane protein complex that couples electron
transfer from quinol to cytochrome c1 to proton translocation across the
membrane (Rodrigues et al. 2013). Disruption causes electrons to escape from
the mitochondrial respiratory chain. The broad nature of this mode of action
makes it potentially harmful to non-target organisms. The calculated peak EEC is
~2 ppb, and it has a half-life of 11-17 days.
Mancozeb is primarily applied to reduce fungal pathogens on potatoes,
but is also sprayed on other food crops (PPDB 3). Its mode of action is to disrupt
lipid metabolism. Its peak EEC is ~58 ppb and its half-life is one to two days.

Background on Bd
Bd is a pathogenic chytrid fungus that causes chytridiomycosis in
amphibians. It is a major contributor to global amphibian declines (Kilpatrick et al.
2009, Berger et al. 1998) and has been found in at least 37 countries on six
continents (Kriger and Hero 2009). Bd has two major life stages (Fig. 1): the
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reproductive zoosporangium and infective zoospores. After a motile zoospore
encysts, it creates a reproductive thallus and becomes a zoosporangium
(Kilpatrick et al. 2009). The zoospore stage infects amphibians by colonizing
keratin-containing body regions. For example, in anurans, chytridiomycosis
infects the mouthparts of tadpoles, their only keratinized body region. It later
spreads to the skin as it becomes keratinized during metamorphosis. Although
Bd infections can disrupt tadpole feeding behaviors (Venesky et al. 2010),
infection does not usually cause tadpole mortality. Post-metamorphic anurans,
however, can be extremely susceptible to Bd because the infection disrupts
osmotic and electrolyte balance controlled by the skin. This disruption in
electrolyte homeostasis can eventually cause cardiac arrest (Voyles et al. 2007).

Net Effects of Pesticides on Disease Dynamics
Chemical contaminants can affect disease dynamics in many ways. From
the perspective of hosts, they can have positive effects by being directly lethal to
parasites. They can also have negative effects on hosts by altering host immunity
or parasite virulence (Relyea and Hoverman 2006, Rohr et al. 2006a). For
example, atrazine, the second-most commonly applied herbicide in the United
States, is among the best predictors of amphibian trematode infections (Rohr et
al. 2008, Rohr and McCoy 2010). In nature, there is most likely a combination of
positive and negative effects. It is therefore important to study the net effects of
the relationships between pesticides and disease to understand their
complexities (Rohr et al. 2008).
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These complex interactions are not limited to simultaneous exposure of a
host to both pesticides and parasites. Exposure to chemical contaminants early
in a host’s life can have persistent effects on survival, growth, and immune
responses (e.g. Bridges 2000, Rohr and Palmer 2005, Rohr et al. 2006).
Therefore, it is important not only to look at stressors simultaneously, but also to
examine the effects of serial exposure during important life stages of host
development.
A few studies have examined the relationship between pesticides and Bd,
with differing results. One study found negative effects of insecticides, both alone
and in mixture, on key amphibian life history traits and although animals were
exposed to Bd, none were Bd-positive (Kleinhenz et al. 2012). Two studies
examining exposure to the insecticide carbaryl and Bd found no evidence of an
interaction (Davidson et al. 2007, Buck et al. 2011). However, only recently have
researchers started to examine the relationship between fungicides—as opposed
to an insecticide —and Bd (Hanlon & Parris 2012, Hanlon et al. 2012, McMahon
et al. 2012, McMahon et al. in review). These studies found both positive and
negative effects of fungicides on Bd growth and amphibian survival. All of this
underscores the importance of looking at the net effects of the relationship
between fungicides and Bd.
In this thesis, I investigated the relationship between fungicides and Bd on
amphibian health. I wanted to know the net effects of simultaneous exposure on
amphibian health. Exposure to fungicide could kill Bd, reducing overall infection
loads on hosts and decreasing mortality relative to frogs that were exposed only
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to Bd. Conversely, as both fungicides and Bd could be considered stressors to
amphibians, they could interact and increase tadpole mortality. Lastly, fungicides
could also delay amphibian metamorphosis, causing extended exposure to Bd,
therefore increasing infections. I also wanted to know if early exposure to a
fungicide could compromise immune system development of the frogs, which
would ultimately increase susceptibility to Bd, and mortality, later in life.
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Figure 1. Photos of the Life Stages of Bd.
Above are pictures of the life cycle of Batrachochytrium dendrobatidis
(Bd), showing both the sessile zoosporangium stage and motile
zoospore stage. (Via Kilpatrick et al 2009)
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METHODS

Laboratory Study
For this experiment, individual Cuban tree frog tadpoles, Osteopilus
septentrionalis, were exposed to a fungicide and a Bd treatment (Table 1).
Fungicide treatments consisted of one of the three fungicides or an acetone
control. The Bd exposure treatments were based on timing; animals were either
exposed to Bd as a tadpole (simultaneous exposure with the fungicide
treatments), a metamorph (delayed exposure; after fungicide treatments), or both
as tadpole and a metamorph (double exposure; during and after fungicide
treatments). Animals that were in the simultaneous treatment that
metamorphosed and lived to the second exposure date became the double
exposure treatment (see Table 1 & Fig. 2a).

Table 1. Explanation of the Experimental Design of the Lab Experiment.
Treatment
Tadpole
# of Bd
Tadpole
Metamorphosis
Exposure to Exposures
Fungicide
Simultaneous 3 Fungicides
1
Bd Present
Exposure
+ Control
Delayed
3 Fungicides
1
Bd Absent
Bd Exposed
Exposure
+ Control
Double
3 Fungicides
2
Bd Present
Bd Exposed
Exposure
+ Control
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Experimental Setup
Each individual tadpole was weighed and staged (Gosner 1960) before
the start of the experiment; stages and weights were equally distributed across
all treatments. An individual tadpole was placed into a 500 mL glass jar, which
was filled with 300 mL of artificial spring water (ASW, Cohen et al 1980).
Throughout the experiment, animals were fed fish flakes (Omega One) and Sera
Micron ad libitum.
At the start of the experiment, a fungicide or an acetone control was
added to the water in each jar. The concentration was the EEC for all fungicides
except chlorothalonil (see “Fungicides” section below). Fungicides were then reapplied as a pulse exposure with every water change, which occurred weekly for
16 weeks. Bd inoculum (1 mL of 2.88x106-4.25x106 zoospores/mL) was added
during weeks 1 and 3 of the experiment. The simultaneous and double Bd
exposure treatments received Bd+ inoculum, while the delayed exposure
treatment received Bd- inoculum (Fig. 2a).

Fungicides
Two of the three fungicides (azoxystrobin and mancozeb) will be studied
at their estimated environmental concentrations (EEC), calculated using the U.S.
EPA’s GEENEC version 2 software. For azoxystrobin the calculated peak EEC is
~2.06 ppb and mancozeb peaks at ~58 ppb. The peak (EEC) of chlorothalonil is
~177 ppb, a concentration that caused nearly 100% mortality of three frog
species (McMahon et al., 2011). Consequently, I used 30ppb, rather than the
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EEC, to examine sublethal effects of chlorothalonil in the experiments described
below. Hence, all concentrations tested are relevant to those that amphibians
might experience in nature.

Bd Inoculum
Bd inoculum was prepared by adding 1 mL of Bd stock solution (isolate
SRS 812 isolated from Rana catesbeiana) cultured in 1% tryptone broth, to a 1%
tryptone agar plate kept at 230C for approximately 1 week to allow Bd
proliferation. Plates were inspected microscopically to verify zoospore viability.
The plates were then flooded with ultrapure water to suspend the zoospores.
Water from all plates was homogenized to create the Bd-positive (Bd+) stock.
Zoospore density was standardized among replicates, and concentrations above
this were diluted with ultrapure water. Bd-negative (Bd-) inoculum stock was
created using the same method, except that no Bd was added to the 1% tryptone
agar plates.

Data Collection
Animals were checked daily for metamorphosis or mortality. Any that
metamorphosed were swabbed (snout to vent and down each leg 5 times each),
weighed, and maintained individually in plastic containers. Thereafter, each
juvenile frog was given weekly bedding changes and fed vitamin- and mineraldusted crickets ad libitum. All dead individuals were also swabbed, weighed, and
preserved.
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After 12 weeks, the tadpole portion of the experiment ended, and any
animals that had not metamorphosed were swabbed (mouthparts only) and
euthanized using 0.5% MS222. Animals were then weighed, staged, and snoutvent length (SVL) was measured. Mouthparts were removed, stored in 95%
ethanol, and quantitative PCR (qPCR) was performed on them.
At week 22, all metamorphic frogs were exposed to 1mL 1.69x106
zoospores/mL of Bd inoculum. For the simultaneous Bd-fungicide treatment
animals, this was the second Bd exposure. For animals that were exposed only
to a fungicide or control treatment as tadpoles, this was their first exposure to Bd.
Five weeks after metamorphic exposure the animals were swabbed to assess Bd
growth. At week 32, all animals were moved to 17°C to stimulate further growth
of the fungus. All animals were swabbed and euthanized on week 38 (Fig. 2b).

Quantitative PCR
Both swab and tissues from the mouthparts of tadpoles provided DNA to
quantify Bd abundance. Bd DNA was amplified through qPCR to calculate Bd
infection intensity. All qPCR was performed according to Hyatt et al. (2007),
using StepOneTM Real-Time PCR System (qPCRStepOne™).

Statistical Analysis
All statistical analyses were conducted using R statistical software. I a
used generalized linear model with a binomial error distribution to determine
whether fungicide treatments, Bd treatments, and their interaction affect whether
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a frog lived or died during the experiment. I used the coxph function in the
survival package of R to conduct a 2 (Fungicide presence or absence) x 2 (Bd
presence or absence) survival analysis. I quantified the effects of treatments on
time to metamorphosis, time to death after metamorphosis, and overall time to
death. To perform this, I censored the data such that any animal that died or
metamorphosed, depending on the type of analysis, was given a 1, and any that
did not was given a 0.
I conducted two analyses on Bd abundance. First, I compared the loads
of frogs exposed to Bd for the first time across fungicide treatments to see if
simultaneous exposure to Bd and fungicides resulted in different fungal loads
than early-life exposure to fungicides and later life exposure to Bd. For frogs
exposed simultaneously to Bd and fungicide treatments, I used Bd load at
metamorphosis or Bd load at death if they did not reach metamorphosis. For
frogs exposed to Bd after they were exposed to fungicide treatments (i.e. after
metamorphosis), I used the mid-survey Bd load or Bd load at death if they did not
reach the mid-survey swabbing (refer to Table 2 for dates). Second, I compared
the Bd load of post-metamorphic frogs receiving their first and second exposure
to Bd using the mid-survey swabs. In all analyses treating Bd abundance on the
frogs as a response, I included fungicide treatments, timing of Bd exposures,
their interaction, and initial mass (unless it was not significant) as predictors. I
analyzed Bd abundance using a zero-inflated negative binomial model - as it was
a better fit (AIC=1009) than the negative binomial model (AIC=1038)- using the
zeroinfl function in the pscl package of R.
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Finally, I conducted three analyses on amphibian survival. First, I
compared fungicide treatments with presence or absence of Bd on tadpole
mortality. Next, I compared mortality of animals exposed to Bd for the first time
as a metamorph. Third, I compared the mortality of animals exposed to Bd both a
tadpole and a metamorph. All analyses were to see if there was a difference
between mortality between fungicide treatments across different Bd exposure
treatments. I analyzed mortality using a negative binomial model using the glm
function in the car package of R.

Field Study
The same treatments from the laboratory study were replicated in an
experiment to assess the relationship of fungicides and Bd growth on tadpoles in
a semi-natural environment. To simulate an aquatic community, I created
mesocosms using methods (described below) similar to in Relyea (2005) and
Jones et al. (2010). Each treatment was replicated 5 times for a total of 40
experimental units (3 fungicide treatments and control x 2 Bd treatments [present
or absent] x 5 replicates= 40 EU). The cattle tank portion of the experiment was
conducted at the University of Pittsburgh’s Pymatuning Laboratory of Ecology
(PLE) field station in Linesville, Pennsylvania.

Experimental Setup
Outdoor cattle tanks (1000L) were half-filled with well water. Aliquots of
natural pond water were added as a source of phytoplankton, epiphyton, and
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zooplankton to encourage development of populations of each. Rabbit chow was
included as an initial nutrient input, and leaf litter was placed in the tanks for
refugia (Fig. 3). Two weeks later (week 0), 20 gray tree frog tadpoles, Hyla
versicolor, were added to each mesocosm.
One of the three fungicides or an acetone control (see “Fungicides”
above) was applied to each tank after addition of tadpoles. Half of the tanks also
received an aliquot of Bd inoculum during weeks 1 and 3 of the experiment.
Each inoculum resulted in an estimated 56 zoospores/mL of tank water. The
second half of the tanks was dosed with an equivalent volume aliquot Bdinoculums to control for the tryptone broth (see below).

Bd Inoculum (Cultures)
Bd inoculum was prepared using the same methods as above; however,
pure cultures were used; therefore the Bd was never plated (see “Bd Inoculum”
above).

Data Collection
Animals were raised through metamorphosis, metamorphs were removed,
and their snout-vent length and mass at metamorphosis were quantified. After
removal, metamorphic frogs were kept in plastic containers and fed crickets ad
libitum.
Upon metamorphosis, all animals were swabbed for Bd (five times along
both legs and across the underside). Then qPCR was performed on a subset of
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the swabs (see above methods) to assess Bd abundance and prevalence. If
exposed to Bd as a tadpole, the metamorph was euthanized in 0.5% MS222 after
it was swabbed and measured. Animals that were not exposed to Bd as tadpoles
were shipped to the University of South Florida to monitor survival and to expose
the metamorphs to Bd later in life.
Post shipment there was an unexpected mass mortality event, in which
enough animals died (over 60%) that it was no longer feasible to continue the
experiment. As mortality occurred, it was monitored and recorded. After several
weeks when it was clear that the second half of the proposed experiment was no
longer feasible, the remaining frogs were euthanized using 0.5% MS222 and
preserved.

Statistical Analysis
All statistical analyses were conducted using R statistical software. I used
the coxme function in the survival package of R to conduct a 2 (Fungicide
presence or absence) x 2 (Bd presence or absence) cox proportional mixed
effects analyses to assess the effects of treatments on time to metamorphosis. A
mixed effects model was used to incorporate individual time to metamorphosis.
Each tank was treated as a random effect with individuals nested within each
tank (20 per tank), as they were not independent. Fungicide treatment and Bd
exposure were used as predictor variables with time to metamorphosis as the
response. As before, I censored the data such that any animal that
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metamorphosed was given a 1, and any that did not was given a 0. I analyzed
mortality using a binomial model using the glm function in the car package of R.
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2a. Pre-Metamorphosis:

Exposed!to!Bd!+/C!Innoculum!!
10/2/12!Day!1!
10/15/12!Day!13!

Exposed!to!Fungicide!Treatment!
10/2/12!Day!1!

Swabbed!at!
Metamorphosis!
(varied)!

2b. Post-Metamorphosis:

Swabbed!PreCMeta!
Exposure!
(Double!Exposure!Only)!
1/31/13!Day!121!

Exposed!to!Bd!Innoculum!
2/1/13!Day!122!

MidCSurvey!Swab!
3/6/13!Day!155!

End!of!Experiment!
4/28/13!Day!208!

Figure 2. Timeline of Events in the Lab Study.
a. Tadpoles were exposed to a fungicide treatment and Bd treatment on day
1 of the experiment. A follow up Bd treatment was administered on day 13
with fungicide treatments reapplied weekly. As animals metamorphosed, they
were swabbed. Any tadpoles that did not metamorphose by 12/18/12 were
euthanized and swabbed.
b. All animals exposed to Bd+ inoculum as tadpoles were swabbed pre
second exposure to assess Bd growth. On day 122 of the experiment all
juvenile frogs were exposed to Bd. Day 155 all metamorphs were swabbed to
assess infections. All animals still alive at the end of the experiment were
euthanized and swabbed. When an animal died, regardless of life stage, they
were swabbed.
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a.

b.

Figure 3. Sample Pictures of the Mesocosm Setup for the Field Study.
a) An example cattle tank with well water, pond water, rabbit chow, and leaf litter
added.
b) Mesocosms at the Pymatuning Laboratory of Ecology field station
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RESULTS

Laboratory Study

Time to Metamorphosis
There was no time difference to metamorphosis among any of the
fungicide or Bd treatments, and there was no evidence of an interaction between
among treatments (p>0.215; Fig. 4).

Abundance and Prevalence
I compared Bd abundance on frogs exposed to Bd for their first time
across fungicide treatments. This analysis included simultaneous treatment of
both Bd and a fungicide concurrently and the delayed treatment of frogs exposed
to a fungicide as tadpoles and then to Bd an average of 71 days after
metamorphosis. In these analyses, frogs were not all swabbed at the same time
because they metamorphosed or died at different times. Therefore, I first tested
whether the time duration that Bd grew was a significant predictor of Bd
abundance. This variable was never a significant predictor (X2=2.97, p>0.225),
but whether a frog was swabbed at death was always a significant predictor
(p<0.05) because frogs that died from infection had, on average, more Bd than
!
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frogs swabbed while alive. Hence, I included whether a frog was swabbed at
death as a factor rather than time for Bd growth in each model. Initial mass was
included in most models because it was generally a negative predictor of Bd
intensity.
In these analyses, mean fungal load of animals exposed to the three
fungicides never differed, regardless of whether Bd exposure occurred
simultaneous with the fungicide exposure (X2=2.65, p=0.618) or later in life
(X2=0.61, p=0.961). In addition, each fungicide was significantly different from
controls (p<0.05). Hence, I pooled the fungicides together for ease of
interpretation. Amphibians exposed to fungicides had greater abundance of Bd
than those exposed to the solvent control, regardless of whether the fungicide
and Bd exposure occurred simultaneously (X2=10.82, p=0.004) or whether the
Bd exposure occurred after exposure to the fungicides (X2=13.56, p=0.001; Fig.
5). However, the increase in Bd abundance associated with fungicide exposure
relative to controls was significantly greater when the Bd exposure occurred after
the fungicide exposure than when the Bd and fungicide exposures were
simultaneous (two-way interaction: X2=25.98, p<0.001; Fig. 5).
I also compared the Bd load of post-metamorphic frogs receiving their first
and second exposures to Bd. There was a significant two-way interaction
between the fungicide treatment and number of Bd exposures (X2=15.47,
p<0.001). This was because frogs exposed to fungicide and Bd for the first time
had higher Bd loads than frogs exposed to solvent and Bd for the first time
(X2=12.85, p=0.002). However, the opposite was true on the second exposure.
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Frogs exposed to fungicide and Bd for the second time had lower Bd loads than
those exposed to the solvent and Bd for the second time, although not
significantly so because of high variability (X2=2.95, p=0.229; Fig. 6).

Mortality
I first conducted binomial survival analyses where I examined predictors of
whether frogs lived or died in the experiment. In these analyses, mean mortality
of frogs exposed to the three fungicides never differed, regardless of whether Bd
exposure occurred simultaneous with the fungicide exposure (simultaneous
exposure; X2=1.33, p=0.515), later in life (delayed exposure; X2=0.23, p=0.892),
or both (double exposure; X2=2.35, p=0.309). In addition, for the simultaneous
and delayed exposure treatments, each fungicide was significantly different from
controls (p<0.04). Hence, I pooled the fungicides for ease of interpretation.
I compared Bd-induced mortality across fungicide treatments for frogs
exposed to Bd for the first time. Tadpoles exposed simultaneously to the
fungicide treatment had significantly greater Bd-induced mortality (Fungicide*Bd:
X2=6.47, p=0.011) than those exposed simultaneously to solvent control (Fig. 7).
I also detected a fungicide-by-Bd interaction when animals were exposed to the
fungicide as a tadpole, then challenged with Bd an average of 71 days after
metamorphosis (Fig. 8). Again, there was greater Bd-induced mortality if frogs
were previously exposed to fungicide than solvent control (X2=6.28, p=0.012).
I also compared the Bd-induced mortality of post-metamorphic frogs
receiving their first and second exposures to Bd. If metamorphs were exposed to
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Bd for the first time, there was greater Bd-induced mortality among frogs
previously exposed to fungicide than solvent control (X2=6.28, p=0.012).
However, similar to our Bd abundance results, the opposite pattern was
observed when metamorphs were exposed to Bd for the second time; there was
greater Bd-induced mortality among frogs previously exposed to solvent control
than fungicides, although not significantly so (X2=1.51, p=0.220; Table 3, Fig. 9).
This resulted in a significant interaction between fungicide treatment and number
of Bd exposures (X2=6.90, p=0.009). The time to death survival analyses (i.e.,
cox proportional hazards models) provided similar results as the binomial survival
(lived vs. died) analyses, so they are not reported.

Field Study

Time to Metamorphosis
There was no difference in time to metamorphosis among any of the
treatments (X2=3.25, p>0.071; Table 5). There was some evidence that tadpoles
metamorphosed faster, by one day, when exposed to mancozeb than when
exposed to other fungicide (Fig. 10). However, this pattern did not hold when the
frogs were also exposed to Bd.

!

!

23!

Bd Abundance
qPCR was run on a subset of swabs from frogs that were exposed to Bd
as tadpoles were run (~2 individuals from each tank). No animal was positive for
a Bd infection.

Mortality
There was no difference among treatments for survival to metamorphosis
(p>0.29). All tanks had 88-95% of animals survive to metamorphosis, with the
exception of two azoxystrobin tanks that had unexplained low survival.
After metamorphosis, frogs previously exposed to chlorothalonil had
higher mortality than controls, but much of the mortality was delayed, occurring
after shipment from PLE to USF (Fig. 11). An unanticipated general mortality
event occurred after the juvenile frogs arrived at USF that prevented having
enough frogs to challenge them with Bd after metamorphosis. Thus, although this
mesocosm experiment was met as a parallel design to the laboratory experiment,
it unfortunately could not.
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Figure 4. Average Days to Metamorphosis of Cuban Tree Frogs.
Mean (± SE) number of days to metamorphosis of O. septentrionalis
raised in the lab study. There was no difference in the days to
metamorphosis among treatments.

!

!

25!

Figure 5. Bd Load of Cuban Tree Frogs Exposed to Bd for the First Time.
Predicted values (± SE) of Bd abundance of O. septentrionalis exposed to Bd
for the first time at two different life stages. There were no differences among
the fungicide treatments, so they were all combined for analysis. Animals
exposed to both a fungicide and Bd as a tadpole (with fungicides) had higher
abundance than animals exposed to Bd and an acetone control. Also animals
exposed to Bd as metamorphs (after fungicides) had higher abundance when
reared in water with fungicides than the acetone controls.
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Figure 6. Bd Load of Cuban Tree Frogs Exposed to Bd as a Metamorph.
Predicted values (± SE) of Bd abundance of O. septentrionalis exposed to
Bd as metamorphic frogs for either the first or second time. Animals exposed
to Bd for the first time as a metamorphic frog had higher Bd abundance if
they were exposed to fungicide as a tadpole. The opposite is seen for
animals exposed to Bd as both a tadpole and a metamorph. There was no
difference among fungicide treatments so they were all combined for
analysis.
!
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Figure 7. Average Survival of Cuban Tree Frog Tadpoles Exposed to
Fungicides and/or Bd.
Tadpole survival (± CI) of O. septentrionalis from the lab study. There was no
difference among fungicide treatments so they were all combined for analysis.
Tadpoles exposed to both a fungicide and Bd had significantly lower survival
than control animals or animals exposed to either factor alone.
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Figure 8. Average Survival of Cuban Tree Frog Metamorphs.
Survival (± CI) of O. septentrionalis from the lab study. Animals exposed to Bd
for the first time as a metamorph, an average of 71 days after their last
exposure to a fungicide, had higher mortality than those reared in acetone
control water. The pattern flips and animals exposed to both a fungicide and a
Bd as a tadpole had higher survival when exposed to Bd for the second time as
a metamorph than animals exposed twice with only acetone control water.
There was no difference among fungicide treatments so they were all combined
for analysis.
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Figure 9. Average Days to Metamorphosis of Grey Tree Frogs.
Mean (± SE) number of days to metamorphosis of H. versicolor raised in the
field study. Animals exposed to mancozeb alone metamorphosed faster than
tadpoles exposed to azoxystrobin or chlorothalonil. There was no difference in
the average number of days to metamorphosis when Bd was also present in
the water.
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Figure 10. Delayed Mortality Event of Juvenile Grey Tree Frogs.
Metamorphic survival (± SE) of H. versicolor from the field study, post removal
from mesocosms. Animals exposed to chlorothalonil as a tadpole had higher
mortality than control animals.
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DISCUSSION

When both fungicide and Bd were present in the water of tadpoles, the
two interacted to increase in Bd abundance and Bd-induced mortality, regardless
of the fungicide type. Similarly, animals exposed to Bd as a metamorph, an
average of 71 days after any fungicide exposure, had significantly higher Bd
abundance and Bd-induced mortality than frogs exposed to solvent control.
Additionally, in mesocosms, chlorothalonil increased mortality relative to controls.
Interestingly, the measured increase in Bd abundance and Bd-induced
mortality associated with fungicide exposure was greater if frogs were exposed to
Bd after the fungicide exposure than if we exposed the frogs to Bd and fungicide
simultaneously. There are at least two potential mechanisms for this stronger
delayed than simultaneous effect of fungicides on Bd growth and mortality. First,
it is likely that the fungicides, which are designed to kill fungi, directly reduced the
abundance of Bd when the two occurred simultaneously. Clearly, however, any
direct toxicity to Bd was not as strong as the adverse effect of the fungicides on
the fungal defenses of the frogs. Second, Bd is believed to consume keratin,
which is only found on the mouthparts of tadpoles but is throughout the skin of
metamorphs. Hence, Bd might simply be able to proliferate more rapidly after
than before metamorphosis, amplifying the fungicide effect.
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The persistent effect of early exposure to fungicides caused an increase in
susceptibility to Bd as metamorphs and increased mortality even in the absence
of infection (chlorothalonil only) in the mesocosm experiment. These results are
consistent with previous literature where exposure to a pesticide caused changes
in host/parasite dynamics (Relyea and Hoverman 2006, Rohr et al. 2006a, Rohr
et al. 2008) and have delayed effects on host behavior, growth, physiology, and
survival (Bridges 2000, Rohr and Palmer 2005, Rohr et al. 2006). Moreover,
similar to my findings, recent work by Rohr and colleagues revealed that early life
exposure to the herbicide atrazine increased Bd-induced amphibian mortality
later in life (Rohr et al. in revisions).
Interestingly, the pattern of higher Bd abundance in fungicide- than
solvent-exposed frogs is reversed if exposed to Bd a second time. Animals in the
double exposure treatment were not different from the controls in their Bd load.
Furthermore, these animals had lower loads than the fungicide-exposed animals
exposed to Bd for the first time, when exposed at the same life stage. This
pattern was most likely caused by selection. Frogs exposed to fungicide and Bd
for the first time had significantly higher mortality than those exposed to solvent
and Bd. In fact, Bd did not cause significant mortality unless frogs were exposed
to fungicides. Hence, the most Bd susceptible individuals were not available to
be exposed to Bd a second time in the fungicide treatments but were available to
be exposed to Bd a second time in the control treatment. Consequently,
selection is a likely explanation for the change in Bd abundance and mortality
patterns across fungicide treatments between the first and second Bd exposures.
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Presence of fungicides during the tadpole stage caused no difference in
timing to metamorphosis in either of the two amphibian species tested. In the
outdoor mesocosm experiment there was a maximum difference in timing of
metamorphosis of two days. In this case, mancozeb actually increased timing to
metamorphosis as compared to the other fungicides. This pattern was lost,
however, when Bd was present. Therefore, there is no evidence to support that
the fungicides generally affect duration of exposure to Bd.
Upon completion of the experiments, I looked further into the peerreviewed literature to assess the generality of my findings. A recent paper by
Cashins et al. was published looking for acquired resistance using the fungicide
itraconzole to clear animals of infection. In addition to their inoculated treatment,
Cashins et al. also exposed animals to itraconzole prior to any Bd infections.
Upon comparing the treatments, fungicide alone increased Bd prevalence
(X2=5.58, p=0.018), suggesting that the fungicide was immunosuppressive. This
is highly consistent with the results of my study. Put together, these results show
that four different fungicides caused lasting increase in Bd prevalence and
abundance on amphibians. Consequently, fungicides should be used cautiously
to treat amphibians with Bd infections.
Overall, I found no positive effects of the presence of fungicide in aquatic
systems. Instead, I discovered that early-life exposure to a fungicide caused both
immediate mortality when chytrid fungus was also present, as well as a long-term
term increase in Bd abundance and Bd-induced mortality when the frogs were
challenged with Bd later in life. These findings highlight the importance of the
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role of multiple simultaneous and sequential stressors in biodiversity declines
and disease emergences. These findings contribute to an increasing body of
evidence that pesticide use may facilitate amphibian declines by increasing
disease. Atrazine, a commonly applied herbicide, has previously been shown to
increase amphibian susceptibility to ranarivus (Forson & Storfer 2006) and
trematode infections (Rohr et al. 2008). Also mixtures of pesticides affect
accumulation of lungworm parasites, even when exposure to the nematodes is
delayed (Gendron et al. 2003). The generality of these results with respect to
both the diversity of pesticides and diseases emphasizes the importance of
understanding the net effects of contaminants on non-target organisms.
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